Photometric and spectroscopic observations of the Carina dSph revealed that this galaxy contains two dominant stellar populations of different age and kinematics. The co-existence of multiple populations provides new constraints on the dark halo structure of the galaxy, because different populations should be in equilibrium in the same dark matter potential well. We develop non-spherical dynamical models including such multiple stellar components and attempt to constrain the properties of the nonspherical dark halo of Carina. We find that Carina probably has a larger and denser dark halo than found in previous works and a less cuspy inner dark matter density profile, even though the uncertainties of dark halo parameters are still large due to small volume of data sample. Using our fitting results, we evaluate astrophysical factors for dark matter annihilation and decay and find that Carina should be one of the most promising detectable targets among classical dSph galaxies. We also calculate stellar velocity anisotropy profiles for both stellar populations and find that they are both radially anisotropic in the inner regions, while in the outer regions the older population becomes more tangentially biased than the intermediate one. This is consistent with the anisotropy predicted from tidal effects on the dynamical structure of a satellite galaxy and thereby can be considered as kinematic evidence for the tidal evolution of Carina.
INTRODUCTION
Dwarf spheroidal (dSph) galaxies in the Local Group are an excellent test-bed for understanding the fundamental properties of dark matter and galaxy formation processes involving this non-baryonic matter. In the area of particle physics, these satellites have drawn special attention as ideal sites for obtaining limits on particle candidates of TeV-scaled dark matter (e.g. , Lake 1990; Walker 2013; Geringer-Sameth et al. 2015; Hayashi et al. 2016) . This is Contact e-mail: kohei.hayashi@nao.ac.jp because these galaxies have high dynamical mass-to-light ratios (M/L ∼ 10 − 1000), that is, are the most dark matter dominated systems (McConnachie 2012 , and the references therein). Moreover, these galaxies are sufficiently close to measure line-of-sight velocities for their resolved member stars by high-resolution spectroscopy, and this kinematic information enables us to study structural properties of dark matter haloes in less massive galaxies in detail.
Using these high-quality data, the studies of dSphs have suggested some intriguing properties of dark halos in dSphs; some of them may have cored or at least shallower cuspy dark matter profiles (e.g., Gilmore et al. 2007 ; Battaglia et al. 2008; Walker & Peñarrubia 2011) , are most likely to have non-spherical dark halo (Hayashi & Chiba 2012 , 2015b , and their dark halos show some universal properties (Strigari et al. 2008; Boyarsky et al. 2010; Hayashi & Chiba 2015a; Kormendy & Freeman 2016; Hayashi et al. 2017) . In particular, cored dark halo profiles in dSphs are in disagreement with those predicted from dark matter simulations based on cold dark matter (CDM) models, which showed that the density profile of a dark halo of any mass is well fit by a Navarro-Frenk-White profile (hereafter "NFW"; Navarro et al. 1996 Navarro et al. , 1997 . This issue is the so-called "core-cusp" problem, and it is yet a matter of ongoing debate. In order to solve or alleviate the above issue, a possible solution has been proposed that relies on a transformation mechanism from cusped to cored central density. Recent high-resolution cosmological N-body and hydrodynamical simulations in the context of CDM models have shown that inner dark halo profiles at dwarf-galaxy mass scale could be transformed to cored ones due to the effects of energy feedback from star-formation activity such as radiation energy from massive stars, stellar winds and supernova explosions (e.g., Governato et al. 2012; Madau et al. 2014; Di Cintio et al. 2014a,b; Ogiya & Mori 2014; Oñorbe et al. 2015) .
Another possible solution is to replace CDM with alternative dark matter models such as warm dark matter or self-interacting dark matter models, which can form cored and less dense central dark matter profiles on less massive scales without baryonic effects (e.g., Anderhalden et al. 2013; Bozek et al. 2016; Spergel & Steinhardt 2000; Vogelsberger et al. 2012; Elbert et al. 2015) . However, because of the dependence on the observational and theoretical uncertainties, it is difficult to discriminate between these two different transformation mechanisms on the basis of observational facts, hence the core-cusp problem still persists.
On the other hand, current kinematic studies of dSphs are unable to determine precisely dark halo structures in these galaxies because of the presence of degeneracy in mass models, which stems from the fact that only projected kinematic information is available and dynamical models are incomplete. For example, kinematic studies typically treat dSph galaxies as spherically symmetric systems with constant velocity anisotropy along the radii. However, in such models, there is a degeneracy between the velocity anisotropy of stars and dark matter density profiles (e.g., Evans, An & Walker 2009; Walker et al. 2009 ). Even for axisymmetric mass models, similar degeneracy between stellar velocity anisotropy and the global shape of dark halo exists (Cappellari 2008; Hayashi & Chiba 2015b; Hayashi et al. 2016) . The studies of dark matter in dSph galaxies have been hampered by these degeneracies. In order to disentangle this ambiguity, at least in part, so-far unknown kinematical information on dSphs and/or more general dynamical models are required.
Recent spectroscopic observations found that some classical dSphs (Sculptor, Fornax and Sextans) exhibit multiple chemo-dynamical sub-populations (Tolstoy et al. 2004; Battaglia et al. 2006 Battaglia et al. , 2008 Battaglia et al. , 2011 . For instance, Battaglia et al. (2008) found that in the Sculptor dSph metal-rich stars are centrally concentrated and have colder kinematics with the line-of-sight velocity dispersion decreasing with radius, whereas metal-poor ones are more extended and have hotter kinematics and an almost constant dispersion profile. From the perspective of dynamical modeling, the presence of these intriguing chemo-dynamical stellar properties provides new constraints on the dark halo structure of dSphs. This is because these kinematically different populations should settle in the same dark matter potential well, and thus the co-existence of multiple populations enhances our ability to infer the inner structure of the dark matter halo (Battaglia et al. 2008; Walker & Peñarrubia 2011; Amorisco & Evans 2012; Agnello & Evans 2012; Amorisco et al. 2013; Breddels & Helmi 2014; Strigari et al. 2017) . Battaglia et al. (2008) were the first to attempt to set constraints on the inner slope of dark matter profile in the Sculptor dSph using multiple stellar components. Using spherical Jeans models, they found that cored dark halo models provide a better fit than NEW models, which however could not be ruled out. Later, Walker & Peñarrubia (2011) have separated multiple stellar components using a combined likelihood function for spatial, metallicity and velocity distributions, and then constrained the dark matter slopes of the Sculptor and Fornax dSphs through the mass slope using metal-rich and metal-poor populations and assuming a spherical stellar system. They concluded that both Fornax and especially Sculptor have central cores, ruling out the NFW profile at high statistical significance. However, if a dSph is not spherical, assuming sphericity in their method may lead to a strong bias and the inferred slope turns out to depend on the line-of-sight (Kowalczyk et al. 2013; Genina et al. 2018) . In contrast, adopting a separable model for the distribution function of an equilibrium spherical system Strigari et al. (2017) showed that the two chemodynamical subpopulations in Sculptor are consistent with an NFW profile. Furthermore, Breddels & Helmi (2014) applied Schwarzschild methods to two stellar subpopulations in Sculptor and concluded that the fitting results with the NFW model are indistinguishable from those with a cored one. Therefore, the remarkable debate as to whether the central regions of halos in dSphs are cored or cusped is still ongoing.
All these studies assumed, however, that the stellar and dark components are spherical, even though we know both from observations and theoretical predictions that these components should be actually non-spherical. Zhu et al. (2016) applied the discrete Jeans anisotropic multiple Gaussian expansion model (Watkins et al. 2013) to the chemodynamical data of the Sculptor dSph assuming that stellar distributions are free to be axisymmetric but a dark matter halo is spherical. On the other hand, Hayashi & Chiba (2015b) have constructed axisymmetric mass models based on axisymmetric Jeans equations, including stellar velocity anisotropy and applied these models to line-of-sight velocity dispersion profiles of the luminous dSphs associated with the Milky Way and Andromeda. Hayashi et al. (2016, hereafter H16) applied the generalized axisymmetric mass models developed by Hayashi & Chiba (2015b) to the most recent kinematic data for the ultra faint dwarf galaxies as well as classical dSphs, but they performed an unbinned analysis for the comparison between data and models, unlike Hayashi & Chiba (2015b) . However, these non-spherical In this paper, following the axisymmetric mass models developed by H16 and using an unbinned analysis, we develop the multiple stellar component mass models to obtain stronger limits on dark halo structures in dSphs and apply these models to the line-of-sight velocity data of two different age populations in the Carina dSph. As a result of a longterm photometric and spectroscopic observation project for Carina (Carina Project: Dall'Ora et al. 2003; Monelli et al. 2003; Fabrizio et al. 2011 Fabrizio et al. , 2012 Coppola et al. 2013; Monelli et al. 2014; Fabrizio et al. 2015 Fabrizio et al. , 2016 , it has been shown that the stars in this galaxy can be separated into an intermediate-age and an old-age population using the colormagnitude diagram derived from these photometric data. The spectroscopic data for a fraction of these stars were then obtained using Very Large Telescope (as described in next section in more detail). Therefore, in this work we focus on the constraints on the dark halo structure in Carina that can be obtained using the mass models we developed and recent photometric and spectroscopic data for the two stellar populations. Moreover, the important point in this work is that we attempt for the first time to set constraints on a non-spherical dark halo of Carina using the data for its two stellar sub-populations.
The paper is organized as follows. In Section 2, we describe the photometric and spectroscopic data for Carina dSph. In Section 3, we explain axisymmetric models for density profiles of stellar and dark halo components based on an axisymmetric Jeans analysis. In Section 4, we introduce the method of fitting the data and the joint likelihood function we adopted. In Section 5, we present the results of the fitting and compare these with the ones from the single likelihood function analysis. In Section 6, we discuss astrophysics factors for dark matter annihilation and decay and the stellar velocity anisotropy profile for each population. Finally, conclusions are presented in Section 7.
INTERMEDIATE-AND OLD-AGE STELLAR POPULATIONS OF CARINA
The Carina dSph galaxy is centered at (α 2000 , δ 2000 ) = (06 h 41 m 36.7 s , −50 • 57 58 ) with a position angle measured North through East of 65 • , and is located at a heliocentric distance, D = 106 ± 6 kpc (Irwin & Hatzidimitriou 1995; McConnachie 2012) . In this section, we briefly introduce the photometric and kinematic data of two stellar components in Carina dSph (Bono et al. 2010; Monelli et al. 2014; Fabrizio et al. 2016 , for more details) In this work, we use the photometric data from three different telescopes, i.e., the CTIO 1.5 m telescope, the CTIO 4 m Blanco telescope, and the ESO/MPG 2.2 m telescope (Bono et al. 2010 ) and the spectroscopic data from high and medium resolution spectrographs mounted at the Very Large Telescope (Fabrizio et al. 2016 ). Based on photometric V − c U,B,I diagram, i.e. V-band magnitude versus the new photometric color index, c U,B,I = (U − B) − (B − I), for the individual stars (Monelli et al. 2013) , the member stars of Carina can be separated into the intermediate-age (red clump and subgiant stars) and the old-age (horizontal branch and subgiant stars) stellar populations. This is possible because c U,B,I is strongly sensitive to stellar metallicity, especially helium and light-element content (Bono et al. 2010) 1 . Figure 1 shows the V versus B − I (left panel) and V versus c U,B,I diagram (right panel) for the photometric observations of Carina. It is clear from the right panel of Figure 1 that the Carina dSph clearly has two main subpopulations.
On the other hand, performing new observations and reducing the data for the stellar spectra, and collecting other currently available data for Carina, Fabrizio et al. (2016) performed a detailed analysis of velocity distributions of 1096 intermediate-age and 293 old population stars. This analysis revealed that while the intermediate-age stellar component shows a weak rotational pattern around the minor axis, the old one has a larger line-of-sight velocity dispersion and is more extended towards the outer region. They also looked into stellar distributions of both populations and found that the intermediate-age stars in this galaxy are centrally concentrated, whereas the old ones are more extended in the outer region. These photometric and kinematic features are roughly in agreement with those of similar multiple populations in Sculptor, Sextans and Fornax (Battaglia et al. 2008 (Battaglia et al. , 2011 Amorisco & Evans 2012) . Thus, these features of multiple stellar populations in the luminous dSphs could be general and universal.
In what follows, using in total 6633 (3757 intermediate and 2876 old) photometric and 1389 (1096 intermediate and 293 old) spectroscopic measurements, which is spectroscopic data volume almost twice larger than that of previous works, we investigate structural properties of stellar distributions for each stellar population and the dark matter distribution in the Carina dSph. 3 TWO-COMPONENT MASS MODELING FOR CARINA
Luminous components
In order to solve the second-order Jeans equations and set constraints on dark halo properties of the Carina dSph, we should first obtain the structural properties of stellar populations. Here, we present briefly the procedure to estimate their stellar profiles. In this work, we assume that the member stars on the sky plane are distributed by the Sérsic profile (Sérsic 1968) ,
by the Plummer profile (Plummer 1911)
and by the exponential profile,
where I (S, P,E),0 are the central surface densities, and R (s, p,e) denote the scale radii of each stellar distribution. m in Sér-sic profile is the Sérsic index, which measures the curvature of the stellar profile, and m = 1 corresponds to the exponential profile. The projected elliptical radius, R , related to projected sky coordinates (α, δ), is given by
where (α 0 , δ 0 ) is the centroid of the system, θ is the position angle of the major axis, defined East of North on the sky, and is an ellipticity defined as = 1 − q , with q = b/a being the projected minor-to-major axial ratio of the galaxy. In order to estimate the stellar structural parameters of Carina, we compare the radial profiles estimated from the photometric data with those of the modelled profiles with some free parameters. First, adopting the standard binning approach, we estimate the projected radial profiles for each population. We set the radial bins so that a nearly equal number of stars is contained in each bin, and then derive the surface density profiles using the number of stars contained in each bin. The points with error bars in Figure 2 show the binned profiles estimated from the photometric data. The error bars are assumed to be the Poisson errors. To obtain the stellar structural parameters of the assumed models by comparing with observational data, we employ a simple χ 2 test,
where N bins is the number of bins, I obs is the measured stellar surface density, I model is the modelled density at the same distance from the center of the system, and ε is the error on I obs . O denotes the structural parameters of the assumed models, that is, I (S, P,E),0 , R (s, p,e) , , and the Sérsic index m. We employ the reduced χ 2 statistics which takes the value of χ 2 divided by the number of degrees of freedom, usually given by N bins − N parameters , where N parameters is the number of parameters.
The fitting results for the structural parameters are tabulated in Table 1 , and Figure 2 shows the radial profiles using the best-fit values of the parameters. Although we estimate also the best-fit value of the parameter I (S, P,E),0 , it is not an important parameter because it should vanish when we calculate Jeans equations, as discussed below. Thus, this parameter is not tabulated in Table 1 . According to these results, we confirm that the intermediate-age subcomponent is more centrally concentrated than the old one, which is in agreement with Monelli et al. (2003 , see also Fabrizio et al. 2016 , and find that the Sérsic profile is the best-fit model in each population among the three stellar profile models we considered. Thus, we adopt the Sérsic profile as the fiducial stellar distribution of each population and incorporate it into Jeans equations.
The three-dimensional stellar density ν(r * ) is obtained from the surface density I Ser (R ) by deprojection through the Abel transform. In the case of m = 1, we can obtain it in the analytical form, ν(r * , m = 1) = S 0 K 0 (r * /R s )/(πR s ), where K 0 (x) is the modified Bessel function of the second kind. On the other hand, in the case of 0.5 ≤ m ≤ 10, there is an excellent approximation for ν(r * ) derived by Lima Neto et al. (1999) :
where
and Γ(x) = ∫ ∞ 0 t x−1 e −t dt is the gamma function. The variable r * is expressed by the elliptical radius, r 2 * = R 2 + z 2 /q 2 in cylindrical coordinates, so ν(r * ) is constant on spheroidal shells with intrinsic axial ratio q which is related to the projected axial ratio q and an inclination angle for the stellar system i so that q 2 = cos 2 i + q 2 sin 2 i, where i = 90 • when a galaxy is edge-on and i = 0 • for face-on. The intrinsic axial ratio can be derived from q = q 2 − cos 2 i/sin i, and thus the inclination angle is constrained by (q 2 − cos 2 i) being positive.
Dark components
For the dark matter halo, we adopt a generalized Hernquist profile given by Hernquist (1990) and Zhao (1996) , but here we consider the non-spherical dark matter halos of dSphs
where the six parameters are the following: ρ 0 and b halo are the scale density and radius, α is the sharpness parameter of the transition from the inner slope −γ to the outer slope −β, and Q is a constant axial ratio of the dark matter halo. For (α, β, γ) = (1, 3, 1), we recover the NFW profile (Navarro et al. 1996 (Navarro et al. , 1997 ) motivated by cosmological pure dark matter simulations, while (α, β, γ) = (1.5, 3, 0) corresponds to the Burkert cored profile (Burkert 1995) . Therefore, this dark matter halo model enables us to explore a wide range of physically plausible dark matter profiles. An advantage of this assumed profile is that the form of equations (8) and (9) allows us to calculate the gravitational force in a straightforward way (van der Marel et al. 1994; Binney & Tremaine 2008) . By using a new variable of integration τ ≡ a 2
, the gravitation force can be obtained by one-dimensional integration
where G is the gravitational constant, andr 2 is defined bỹ
Axisymmetric Jeans analyses
Dwarf spheroidal galaxies are generally regarded as collisionless systems. The spatial and velocity distributions of stars in such a dynamical system are described by its phase-space distribution function (DF). As the system is in dynamical equilibrium and collisionless under the smooth gravitational potential, the DF obeys the steady-state collisionless Boltzmann equation (Binney & Tremaine 2008 In what follows, we describe these equations for the cases of axisymmetric mass distributions. This is motivated by the fact that the luminous part of dSphs is not really spherically symmetric, nor are the shapes of dark matter halos predicted by highresolution Λ-dominated CDM simulations. In the axisymmetric case, a specific but well-studied assumption is to suppose that the distribution function is of the form f (E, L z ), where E and L z denote the binding energy and the angular momentum component toward the symmetry axis, respectively. In this case, the mixed velocity moments vanish and the velocity dispersion , Binney & Tremaine 2008; Hayashi & Chiba 2012) , that is, a velocity anisotropy parameter β z defined as
is zero. However, β z could be in general non-zero and is degenerated strongly with the dark-halo shape (Cappellari 2008; Hayashi & Chiba 2015b, H16) , and thus non-zero β z is essential to obtain more convincing results from axisymmetric mass models. In this work, we follow the approach of (Cappellari 2008 ) who assumed that the velocity ellipsoid is aligned with the (R, φ, z) coordinate and the anisotropy is constant. We note that these assumptions are supported by dark matter simulations performed by Vera-Ciro et al. (2014) . Using the velocity anisotropy, the second-order axisymmetric Jeans equations can be written as
where ν is the three-dimensional stellar density and Φ is the gravitational potential dominated by dark matter. We also assume for simplicity that the density of the tracer stars has the same orientation and symmetry as that of the dark halo. In order to compare second velocity moments from Jeans equations with those from the observations, we need to derive projected second velocity moments by integrating v 2 z and v 2 φ along the line of sight. To do this, we follow the method given in Tempel & Tenjes (2006 , see also Hayashi & Chiba 2012 , which took into account the inclination of the galaxy with respect to the observer.
FITTING PROCEDURE

Likelihood function
We consider different stellar populations within the same gravitational potential originating from a dark halo, but each population shows a different spatial and velocity distribution. Therefore, we set the same likelihood function for each population and combine them to obtain tighter constraints on the dark halo parameters.
For each stellar population k = {Int, Old} (where Int and Old mean intermediate-and old-age populations, respectively), we assume that the line-of-sight velocity distribution is Gaussian and centered on the systemic velocity of the galaxy u . Given that the total number of member stars for each population is N k , and the ith star has the measured line-of-sight velocity u i ± δ u,i at the sky plane coordinates (x i , y i ), the likelihood function for each population k is constructed as
where σ k i is the theoretical line-of-sight velocity dispersions at (x i , y i ) specified by model parameters (as described below) and derived from the Jeans equations. Then, combining the intermediate and old populations, we obtain the "joint" likelihood function
We also perform the fitting analysis for the whole stellar sample using "single" likelihood function, which means that we do not separate between the intermediate-and old-age stellar populations, to compare with the results from the joint likelihood function.
Model parameters
For the case of axisymmetric models, the model parameters are the six parameters of the dark halo and three parameters of the stellar properties in the axisymmetric case, for which we adopt the uniform/log-uniform priors. Here we describe these parameters.
Since we assume that the different stellar populations move in the gravitational potential of a dark halo with the generalized Hernquist density profile, there are six free parameters of the dark halo profile: (1) the axial ratio of dark halo Q, (2) the scale radius b halo , (3) the scale density ρ 0 , (4) the sharpness of the transition from the inner to the outer density slope α, (5) the outer density slope β, and (6) the inner density slope γ. For the stellar component, we consider different velocity anisotropy parameters, whilst we assume that the inclination of each stellar population is identical. Thus, there are three free parameters: (7) the velocity anisotropy for th intermediate-age population β z,Int , (8) that for old-age one β z,Old , and (9) the inclination angle i. For this total of nine parameters, the prior ranges of each parameter are (9) cos −1 (q ) ≤ i ≤ 90 • .
As we described in Section 3.1, the lower limit of the inclination angle i is confined by q 2 − cos 2 i > 0. Besides the above free parameters, the systemic velocity u k of the system is also included as a free parameter with a flat prior. When we estimate these parameters using a single likelihood function, the number of free parameters is eight because we can then consider only one stellar velocity anisotropy parameter. In order to explore the large parameter space efficiently, we adopt Markov Chain Monte Carlo (MCMC) techniques, based on Bayesian parameter inference, with the standard Metropolis-Hasting algorithm (Metropolis et al. 1953; Hastings 1970) . We take several post-processing steps (burnin step, the sampling step and length of the chain) to generate independent samples that can avoid the influence of the initial conditions, and then we obtain the posterior probability distribution function (PDF) of the set of free parameters. By calculating the percentiles of these PDFs, we are able to compute credible intervals for each parameter in a straightforward way.
RESULTS
In this section, we present the results of the MCMC fitting analysis for two-stellar components in Carina with nine free parameters, and compute the median and credible interval values from the resulting PDF. Figure 3 displays the posterior PDFs derived from the MCMC procedure with a joint likelihood function (15). Relatively, the halo parameters b halo and ρ 0 are better constrained than the other parameters. The PDFs for the inner slope of dark matter density, γ, are more widely spread than for the above two parameters, but still they indicate that the data show preference for shallower cuspy or cored dark matter density profile in Carina. On the other hand, (Q, α, β, i) are so widely distributed in these parameter spaces that it is difficult to confine the parameter distributions of these. In particular, the axis ratio of the dark halo has a strong degeneracy with the stellar velocity anisotropy, β z . As discussed in several papers (Cappellari 2008; Battaglia, Helmi & Breddels 2013, and HC15) , the change of these has a similar effect on the profiles of the line-of-sight velocity dispersions. In addition, there also exists a degeneracy between β z for the intermediate and the old stellar population, even though both parameters have the peak of PDF at − log 10 [1 − β z ] ∼ 0.4 which means that the stellar velocity distributions for both populations in Carina are similar and are likely to possess velocity dispersion more strongly biased in the R direction than in the z direction.
To confirm whether our unbinned analysis can reproduce the observed kinematics of Carina, we calculate profiles of the line-of-sight velocity dispersions for both populations using fitting parameters in our models and the observational data. Figure 4 shows this quantity along the projected major, minor and middle axis for the intermediate and old stellar populations in Carina. In order to obtain these binned profiles from the observed line-of-sight velocity data, we adopt the common way of using binning profiles. Firstly, assuming an axisymmetric stellar distribution adopted in this work, the projected positions (x, y) of the line-of-sight velocity data are folded into the first quadrant. Secondly, we transform the projected stellar distribution in the first quadrant to two-dimensional polar coordinates (r, θ), where θ = 0 • is set along the major axis of the stellar distribution, and then divide this into three areas: θ = 0 • − 30 • , 30 • − 60 • , and 60 • − 90 • , respectively. For convenience, the first azimuthal region (θ = 0 • and 30 • ) is referred to as a major axis, the second one as a middle axis, and third one as a minor axis. Finally, for each area, we radially divide stars into bins so that a nearly equal number of stars is contained in each bin. The dashed line and the shaded region in each panel denote the median value and confidence levels (light: 68 per cent, dark: 95 per cent) of the resultant unbinned MCMC analysis of the model profiles, whereas the points with error bars are binned second velocity moments calculated from the observed data with the above method. As shown in this figure, the profiles calculated from the results of our MCMC anal-ysis are in good agreement with binned profiles along each axis. Furthermore, it is found that all second moment curves are almost flat, irrespective of the stellar population and the axis direction. These flat profiles are similar to those found in previous works even assuming spherically symmetric stellar distributions (e.g., Walker et al. 2009 ). Table 2 tabulates the results of MCMC fitting for the joint (first row) and the single (second row) likelihood analysis. We show the median and 1σ (68 per cent) confidence intervals of the free parameters, which correspond to the 50th (median), 16th (lower error) and 84th (upper error) percentiles of the posterior PDFs, respectively. β ALL denotes the velocity anisotropy for all stars, and thus this fitting result in shown only in the second row. Comparing the results of the joint and the single likelihood analysis, we find that there is no significant difference in both the median and the confidence intervals for all parameters. This is because in the joint analysis the number of stars is probably not large enough to obtain stronger limits on the dark halo parameters than in the case of the single analysis. In order to set constraints on the dark halo more robustly, the number of observed stars in the kinematic sample is absolutely essential. Nevertheless, the joint analysis enables us to investigate velocity anisotropy profiles separately for each of the components (see Section 6.3).
DISCUSSION
Astrophysics factors for Carina
The Galactic dSph galaxies are ideal targets for constraining particle candidates for dark matter through indirect searches utilizing γ-rays or X-rays originating from dark matter annihilations and decays. This is because these galaxies possess large dark matter content, are located at relative proximity, and have low astrophysical foregrounds of γ-rays and X-rays. The γ-ray and X-ray flux can be derived by the annihilation cross section or decay rate which estimates how dark matter particles transform into standard model particles (the so-called particle physics factor) and line-of-sight integrals over the dark matter distribution within the system (the so-called astrophysics factor). In particular, the astrophysics factor depends largely on the annihilation and decay fluxes. Therefore, in order to obtain robust limits on particle candidates for dark matter, accurate understanding of the dark matter distribution in dSphs is of crucial importance. So far, some previous works have already evaluated the astrophysics factors for Carina dSph assuming spherical distribution (e.g., Ackermann et al. 2014; Geringer-Sameth et al. 2015; Bonnivard et al. 2015) and axisymmetric distribution (H16, Klop et al. 2017 ) of dark matter density. However, here we calculate for the first time the astrophysics factors for Carina using the fitting results from the joint likelihood analysis of multiple stellar components and assuming more general dark halo models which include non-sphericity and the generalized Hernquist density profile. In this section, we estimate the astrophysics factors from our results and compare them with those from previous studies. To do this adequately, we use only the factors integrated within a fixed integration angle 0.5 • .
The astrophysics factors for dark matter annihilation and decay are given by
which are called J factor and D factor (e.g., Gunn et al. 1978; Bergström et al. 1998) . These factors correspond to the line-of-sight integral of the square of dark matter density for annihilation and the dark matter density for decay, respectively, within the solid angle ∆Ω. To calculate these factors for axisymmetric dark matter distributions, we follow the method described in Section 2 in H16. Table 3 shows a comparison of the J and D values integrated within 0.5 • solid angle of our results with those of previous works. It is clear from this table that there are differences in the median values and the uncertainties of the J-and D-factor between our estimates and other studies. The reasons for these differences are not only the effects of non-sphericity but also the size of the kinematic data sample and the number of free parameters in the assumed dark matter density profile. Since H16 have already discussed the differences in the astrophysics factors between their axisymmetric mass models and the spherical ones from Geringer-Sameth et al. (2015) , in what follows we focus on the differences between axisymmetric models in this work and in H16.
Naturally, the main reason why the J and D uncertainties from this work are larger than those from H16 would be the difference in the number of fitting parameters of dark halo profiles. H16 assumed that the outer slope of dark matter profiles is ρ ∝ r −3 consistently and the parameter of the transition from the inner to the outer density slope has a constant value, so that the total number of dark halo parameters was four. On the other hand, the dark matter profile we adopt here is a generalized Hernquist profile which takes into account the outer slope and the curvature of the density profile as free parameters, and thus we have six parameters for the dark halo in total. As for the difference in the median values, it can be understood by the fitting results for the scale length (b halo ) and the scale density . Therefore, the value of the scale length (the scale density) estimated from our results is about a factor of four (three) larger than that from H16, and thus the J and D factors in this study should be higher than the values in the previous axisymmetric work. The reason for the difference in these dark halo parameters could be the different data volume of the stellar kinematic sample. The number of available velocity data for Carina was 776 stars in previous works, whereas this work utilizes 1389 stars to obtain limits on dark matter distribution. Thus, it is not surprising that fitting results in this work are not consistent with those in the others.
Furthermore, we find that our evaluated J-and D-factors for Carina have higher values in comparison with those for the other Milky Way dwarf satellites. Several known Galactic dwarf galaxies such as Draco, Ursa Minor, Coma Berenices and Ursa Major II possess large mean J-and D-factors (e.g., Ackermann et al. 2015; Geringer-Sameth et al. 2015, H16) . For instance, Draco, which might have the highest J and D value among classical dwarfs, has log 10 J = 19.09 +0.39 GeV cm −2 as given by H16. We therefore suggest that the Carina dSph becomes one of the most promising detectable target among the classical dwarf galaxies for an indirect search of dark matter annihilation and decay.
Finally, to facilitate the evaluation of a survey design using γ-ray or X-ray observation for Carina, we quantify the spatial extent of the emission from dark matter annihilation and decay. The angular distributions of emission can provide useful information about how large areas are required in optimal observations. Moreover, the detection of a spatially varying annihilation or decay emission signal is directly linked to the possibility of revealing the nature of the dark matter halo. Figure 5 displays the median value and 1σ confidence intervals of the J-and D-factor as a function of the integration solid angle. We calculate astrophysical factors extended to 0.5 • integration angle, because the outermost observed member star in Carina is located about 0.5 • from the centre of the galaxy. From this figure, we find that beyond the integration angle ∼ 0.1 • , the J and D values increase moderately, thereby suggesting that to preform the optimal γ-ray or X-ray observation of Carina, the observational area larger than 0.1 • would be required.
Dark matter density profile
Using the fitting results for dark matter density parameters, we present the inferred dark matter density profile of Carina. In addition, we also calculate the density profile given by Geringer-Sameth et al. (2015, hereafter GS15) for comparison. Both dark halo profiles were modelled with the same free parameters, except for the difference in non-sphericity and thus we can compare between their density profiles reliably. Figure 6 shows the dark matter density profile estimated from our joint analysis (purple) and from GS15 (gray). For our results, we compute the dark matter density profile along its major axis. On the other hand, for GS15, we calculate the density profile using the median and ±1σ values of dark halo parameters listed in table 4 of their paper. We find from this figure that although the density distribution in the inner region is not a robust result and has large uncertainties, the inner density slope from this work favors shallower values than that from GS15. Moreover, our estimated dark halo size, which corresponds to the radius of the transition from the inner to the outer slope, is larger than that from the previous spherical work. This means that in our case the dark matter would be more widely distributed, thereby implying that the astrophysics factors can have large values even though the preferred inner dark matter density is shallower.
Velocity anisotropy
In general, axisymmetric models are to some extent capable of taking into account the velocity anisotropy that depends on the spatial coordinates. This is important because revealing the stellar velocity anisotropy provides critical information to understand the dynamical evolution history and the dark matter distribution in the system. In order to compare with previous results, we transform the second velocity moments in cylindrical coordinates to spherical coordinates and estimate the stellar velocity anisotropy in a spherical model which is given by
φ , and σ 2 r = v 2 r in spherical coordinates (r, θ, φ). Figure 7 displays the velocity anisotropy profiles calculated from our axisymmetric models for intermediate (blue) and old (red) age stellar populations. The dashed lines denote median values of the quantity, and the shaded regions correspond to their 1σ confidence intervals. 
]
This work GS15 Figure 6 . Derived dark matter density profile from our Jeans analysis (purple) and the results of GS15 (gray). The dashed lines denote smaller radii than the positions of the innermost observed member stars, so the density profile within the region is less certain. On the other hand, the solid lines represent the reliable density profiles. The shaded regions denote ±1σ intervals.
If a galaxy has an isotropic velocity ellipsoid for stars, β r is equal to zero. We find from this figure that the common assumptions of anisotropy constant with radius or equal to zero would be unrealistic. Moreover, both populations are radially anisotropic at small radii. Then, the velocity anisotropy of the intermediate population decreases gradually to isotropic with increasing radius, while that of old one becomes moderately tangentially anisotropic outwards, even though there are large uncertainties especially in outer parts of the system. Figure 7 also shows the values of the constant velocity anisotropy estimated by previous works assuming spherical symmetry taken from Walker et al. (2009, black star) , Lokas (2009, green) , Helmi (2013, cyan), and Geringer-Sameth et al. (2015, yellow) , respectively. We note that these values of velocity anisotropy do not depend on the radius (i.e. x-axis in this figure), since these are "constant" values of β r . Walker et al. (2009) used singlecomponent spherical Jeans equations to model line-ofsight velocity dispersions of the classical dSphs, and they found that Carina dSph favors a mild tangential velocity bias for any dark halo mass profiles assumed. Lokas (2009) also solved spherical Jeans equations to reproduce the projected higher-order velocity moment (kurtosis) as well as second moment, and showed that an almost isotropic stellar velocity distribution is preferred (β r ∼ 0.01). our analysis are consistent with the single component analyses from the previous works in the outer parts. However, our axisymmetric models assume a constant β z for simplicity and thereby our calculated β r is strongly limited. In order to investigate the detailed profile of the velocity anisotropy, we need more realistic dynamical models for dSphs, relaxing the assumption of a constant β z and more stellar kinematic data in the future. The feature that each population has more tangential (less radial) velocity anisotropy at larger radii, implies a vestige of tidal disturbances in the dynamical evolution of the stellar system, which can be quite strong for dwarfs on eccentric orbits in an external gravitational potential (e.g., Baumgardt & Makino 2003; Read et al. 2006) . In particular, the old-age population of Carina is widely extended and thus is more likely to be tangentially-biased by tidal effects. Furthermore, Lokas et al. (2010) considered a scenario where a dSph could have originated from disky dwarf galaxy whose disk was transformed into a bar-like structure and tidally stripped by the effects of the Galactic gravitational potential. In this scheme, the velocity anisotropy profile of the bar-like structure is radially biased in the inner part, while in the outskirts the tidal effects would dominate so that the profile should decrease toward tangentially biased. This prediction is very good agreement with the velocity anisotropy profile of Carina found here as well as its velocity structure measured by Fabrizio et al. (2016) which included the detection of remnant rotation in the dwarf. In addition, using photometric observations Battaglia et al. (2012) found evidence for the presence of tidal tails and isophote twists in Carina, which also provide observational evidence in favor of tidal interactions. In spite of large uncertainties in our estimated velocity anisotropy, our results seem to catch a glimpse of kinematical features due to tidal effects from the Galactic potential.
CONCLUDING REMARKS
In this work, based on axisymmetric Jeans equations, we constructed non-spherical dynamical models taking into account multiple components within a stellar system. We assumed that these multiple stellar populations with different dynamical properties settle in the same gravitational potential provided by a dark halo. We used a joint likelihood function which is a combination of likelihood functions for each population but assumed the same dark halo parameters. Applying this dynamical modelling technique to the Carina dSph galaxy whose stellar populations can be separated by the photometric color magnitude diagram, we found several interesting results concerning the dark halo and kinematic properties of Carina.
Firstly, in our joint analysis, the halo parameters b halo and ρ 0 are better constrained than the other parameters. In comparison with previous works, both parameters in our results have significantly higher values. For the inner slope of dark matter density, although the uncertainties of this parameter are still large, we have found that for the Carina dark halo a shallow cusped or cored dark matter profile is preferred. On the other hand, (Q, α, β, i) are very widely distributed in the parameter spaces, and it is difficult to constrain these parameter distributions, even in joint analysis. We believe that for the joint analysis to work better and give stronger limits on the dark halo parameters a larger number of observed stars in the kinematic sample is absolutely essential. Still, the joint analysis enables us to investigate velocity anisotropy profiles separately for each of the populations.
Secondly, using our fitting results, we have estimated astrophysics factors for dark matter annihilation and decay. We found that these factors for Carina have the highest values among those of classical dSphs thereby suggesting that this galaxy is one of the most promising detectable targets among the classical dwarf galaxies for an indirect search with γ-ray and X-ray observations. We have also calculated stellar velocity anisotropy profiles for intermediateand old-age populations and found that both are radially anisotropic in the inner region, while the former is approaching isotropy and the latter becomes mildly tangentially biased in the outer regions. Although these estimates of velocity anisotropy are still subject to large uncertainties, this feature provides us with the observational kinematic evidence of tidal effects from the Galactic potential.
So far, the dark matter density profile of the Carina dSph galaxy still has large uncertainties because the dark halo parameters, especially Q, β z and i, are not strongly constrained. To improve these estimates, we require not only a considerable amount of photometric and spectroscopic data but also proper motions of the member stars within the galaxy. In particular, the only one way to break the degeneracy between the shapes of the dark halo and the stellar velocity anisotropy is still to measure three-dimensional velocities of stars. Further observational progress implementing space and ground-based telescopes will enable us to measure a huge number of stellar kinematic and metallicity data and, in the more remote future, provide phase space information for stellar systems, thereby allowing us to set more robust constraints on the dark matter density profile in dSphs.
